Abstract.-The Ordovician saw the transformation of marine benthic communities from the trilobite-based Cambrian Fauna to the brachiopod-dominated Paleozoic Fauna. An evaluation of the changing importance of trilobites during the Ordovician can be made from accurate assessments of taxonomic richness in various habitats. Here we present a new compilation of trilobite alpha diversity based on field collections and survey of the literature. The data indicate that trilobite species richness within nearshore, shallow subtidal, carbonate buildup and deep subtidal shelf environments was essentially constant between the Late Cambrian and the Late Ordovician. The alpha diversity patterns do not support the notion that trilobites became displaced from inner shelf environments during the Ordovician. Rather, the data are consistent with a decline in relative importance of the group through dilution as newly radiating invertebrate groups entered Ordovician paleocommunities. They also imply that direct interactions between elements of the Cambrian and Paleozoic faunas were not involved in the Ordovician reorganization of paleocommunities. Like many other major faunal transitions during the Phanerozoic, the Ordovician radiations appear to have been essentially non-competitive in nature.
Introduction
The Middle Ordovician was a critical time in the ecological history of the marine biosphere. Fundamentally new community structures were emerging as trilobite-dominated assemblages of the Cambrian and Early Ordovician were transformed into the brachiopod-rich faunas typical of the remainder of the Paleozoic era, a reflection of the transition from the Cambrian to Paleozoic evolutionary fauna of . Although there is widespread consensus as to the timing and scope of this phenomenon, details of the underlying faunal dynamics remain controversial. Scenarios invoked to account for the transition range from active displacement, and ultimate replacement, of Cambrian faunal elements to a model of passive incorporation into communities dominated by the Paleozoic Fauna (Sepkoski and Sheehan 1983; Sepkoski 1991; Westrop et al. 1995) . Because trilobites were dominant elements of Cambrian shelly benthos, an accurate assessment of their fate is central to an understanding of Ordovician 0 1998 The Paleontological Society. All rights reserved. community reorganization. This study examines the Late Cambrian to Late Ordovician history of the group from the perspective of within-habitat species richness (alpha diversity).
Data
The approach taken in this study is similar to that of Bambach (1977) , who examined Phanerozoic diversity by compiling data on species richness within paleocommunities. Our data set consists of 175 large collections (Appendix), ranging in age from Late Cambrian (Marjuman) to Late Ordovician (Cincinnatian), and containing more than 38,000 trilobites. About half (45%) of the samples are collections that are part of our published and ongoing systematic, biostratigraphic, and paleoecologic studies, with the remainder compiled from the published literature and museum collections. Where necessary, we have revised species identifications to produce a taxonomically standardized data set. We have attempted to include all relevant trilobite fau-nas for which quantitative relative abundance data are available. We concur with Bambach (1977: pp. 154-155) , who discussed the advantages of using data from well-studied collections, particularly in avoiding potential sampling biases that influence large-scale bibliographic compilations of taxonomic richness.
For each collection, the number of trilobites belonging to each species was counted as number of individuals (i.e., the number of completely articulated specimens plus the maximum number of any single sclerite type), rather than the total number of sclerites. Finally, we did not include collections from widely acknowledged extinction intervals, such as the Cambrian "biomere" boundaries, because these may underestimate "normal" species richness.
Sources of data are from Laurentian North America but available evidence (e.g., indicates that Laurentian-based patterns are representative of global diversity history. For example, more than 80% of Bambach's Paleozoic sources (1977: pp. 165-166) , and 90% of his lower Paleozoic sources, are North American. Most previous work on environmental patterns during the Ordovician radiations (Sepkoski and Sheehan 1983; Sepkoski and Miller 1985) has also been confined to Laurentia. It should be noted, however, that recent work by Miller and Mao (in press ; see also Miller in press) suggests that details of Ordovician diversity histories may differ between continents.
The number of available collections are plotted by sample size and geologic period in Figure 1 . The frequency distribution of sample sizes for Ordovician collections is significantly different from the Cambrian distribution using the Mann-Whitney U-test (Sokal and Rohlf 1981 ) (p = 0.03) and this is reflected in mean samples sizes (307 and 152 individuals for Ordovician and Cambrian collections, respectively). To overcome this problem, we examined patterns of diversity both in the raw data and by using rarefaction (Sanders 1968 rarefied). The expected number of species [E(Sn)] was calculated using the computer program EXPSPP (Wilson 1987) , which implements the method developed by Hurlbert (1971) . Sixteen collections from the Ordovician of the Mackenzie Mountains lacked relative abundance data and E(Sn) was determined directly from rarefaction curves published by Ludvigsen (1978) .
The difference in sample-size distributions between the Cambrian and Ordovician reflects the larger number of silificied samples available for the latter ( Fig. 1 ; see also Appendix for the preservational type of all samples in the data set). Silicification allows the recovery of a large number of sclerites with minimal effort through acid digestion of bulk samples, whereas non-silicified sampling requires a much larger volume of rock, and a considerable investment of time and energy. As a result, silicified horizons typically have considerably larger sample sizes than non-silicified horizons: Ordovician silicified collections have significantly larger sample sizes than both Cambrian and Ordovician non-silicified collections (Mann-Whitney U-test, p < 0.0001 in both cases). This potential bias is likely to be significant only where comparisons involve substantial differences in sample size and is, (Ludvigsen 1982; Westrop 1995) . A, Plot of species richness against sample size (number of individuals). Note that while silicified collections include larger sample sizes, the number of species present falls in the range of non-silicified collections. B, Rarefaction curves for the samples. Note that the curve for silicified sample KK2 is virtually identical to the curve for the non-silicified sample C7562. The other silicified sample (K510) has a somewhat lower slope but plots within the envelope defined by non-silicified collections CC359 and CC376-380.4.
in any event, minimized by rarefaction. This can be demonstrated with samples from the Rabbitkettle Formation of the Mackenzie Mountains (Fig. 2) , which include both nonsilicified and silicified preservations. In both the raw data and after rarefaction, collections show comparable ranges of species richness. While influence on sample size is by far the most significant problem in the data set, there are other potential biases introduced by differences in preservational type. Differing styles of preservation may be biased for or against particular bioclast types or taxa, and this issue requires further discussion.
Morphological biases are most likely to be a problem for non-silicified faunas, in which mechanical splitting of the rock reveals sclerites with lower convexity and smooth surfaces more readily than convex, tuberculate, or spiny sclerites. However, the search for all types of sclerites can be enhanced greatly by coating slab surfaces with ammonium chloride prior to examination with a binocular microscope. Such problems do not exist in silicified faunas, as careful acid preparation will permit full recovery of the silicified elements. Depending on the silicification type, however, there may be a very slight diagenetic bias. Silicification can be preferential, but it is well understood that this is a class or phylum level phenomenon, affecting major groups sharing basic original skeletal composition (e.g., Whittington and Evitt 1954: p. 7). There is little selectivity between groups within the trilobites, although bias against complete silicification of large and thin-cuticled sclerites can sometimes be observed.
Three points require emphasis: First, these preservational factors are most likely to affect the relative abundance distribution of species within the sample. They are very unlikely, with careful sampling, to simply obscure taxa. Second, these factors are almost certainly less significant than either taphonomic or gross diagenetic overprints, which have a profound impact on relative abundances (e.g. , Westrop 1986b; Mikulic 1990) . Finally these problems, which are are to some extent quantifiable and correctable, are not unique to alpha diversity analysis, but apply to any paleoecological studies that depend upon knowledge of the abundance and distribution of fossil organisms.
A reviewer of an earlier draft of this paper suggested an additional potential bias of silicification: enhanced quality of preservation might permit recognition of more species in a silicified sample compared with a non-silicified sample of similar size. That is, preservation of fine skeletal detail might allow for greater splitting of species. It can be demonstrated, however, that preservational differences have not had a significant influence on our species identifications. Excessive splitting on minute differences would lead to collections in which many genera were represented NUMBER OF SPECIES PER GENUS FIGURE 3. Histograms showing the number of species per genus in a suite of large, exceptionally well-preserved, silicified collections from deep subtidal facies of the Esbataottine Formation, northern Canada. Note that most genera are represented by single species and none are represented by more than two species.
by multiple species. A representative suite of large, high-quality, silicified collections ( Fig.  3) indicates that most genera in our data set (>go%) are represented by single species. Examination of the literature on well-preserved silicified trilobite faunas will reveal that this is a general rule: genera are overwhelmingly represented in single collections by single species. In fact, the availability of large silicified samples has quite the opposite effect on species recognition. Larger sample sizes permit a more comprehensive evaluation of morphologic variation. This should, in turn, lead to a conservative approach to species recognition, rather than to splitting.
Differences in approaches to taxonomy are a far more likely source of excessive species splitting, regardless of preservational type. For example, Hughes and Labandeira (1995) have recently drawn attention to the work of Ulrich and Resser (1930) on the genus Dikelocephalus from Upper Cambrian strata of the Upper Mississippi Valley region, who established 18 to 26 times the number of species recognized by other workers. Although an extreme case, it does demonstrate that different workers can recognize different numbers of species from the same sample. Variation in taxonomic approach could be an important factor in studies that make uncritical use of the published literature. Here, we have used a taxonomically standardized database, so that this bias has been eliminated.
The collections were subdivided into four broad environmental groupings (Fig. 4) at the series level (Fig. 5 ) of stratigraphic resolution. Nearshore facies (Westrop et al. 1995) are represented by collections from peritidal carbonates and inner shelf siliciclastics. The shallow subtidal category includes fine-grained siliciclastic facies that record deposition between fair-weather and storm wave bases, as indicated by associated sedimentary features such as flat pebble conglomerates and bioclastic tempestites (Aigner 1982; Sepkoski 1982; Westrop 1989) . Other collections assigned to the shallow subtidal category are drawn from carbonates that were deposited over a comparable bathymetric range. Carbonate buildups include metazoan reefs and patch-reefs (Kapp 1975 ) and carbonate mud-mounds (Read 1982 ) that formed in both shelf interior and shelf margin settings (James and Stevens 1986) . The fourth category, deep subtidal, consists of carbonate habitats that were generally below storm wave base. In ramp settings, these deep shelf environments grade distally into upper slope habitats Following Bambach (1977), temporal patterns of diversity were examined using frequency distributions of species richness in collections (Figs. 6-10). Comparisons of frequency distributions used the Mann-Whitney Utest, which is appropriate for both discontinuous and discrete variables (Sokal and Rohlf 1981) . Values of E(Sn) generated by rarefaction are continuous variables and these were also compared using the Kolmogorov-Smirnov test, which offers a more comprehensive comparison of frequency distributions (Sokal and Rohlf 1981: pp. 440445 ). In both cases, tests were performed using Statview v. 4.5 for the Macintosh (Statview 1995 Middle Ordovician samples are drawn exclusively from peritidal carbonates, whereas all but one of the Cambrian samples are from nearshore siliciclastics. Two small samples (FC1-3; GSC Iocs. 51208+51546+51550) do, however, indicate that coeval Cambrian peritidal carbonates and nearshore siliciclastics from the Crepicephalus Zone contain compositionally similar biofacies (Terranovella-Crepicephalus biofacies [Westrop 1992 : Fig. 101 ) with comparable species diversities. Although the data set does not include information for Ordovician nearshore siliciclastics, low-diversity trilobite assemblages of this age are known from this facies in Gondwana (Fortey and Morris 1982) and Silurian examples have been discussed by Thomas (1979) .
Shallow Subtidal Fades.-Between the Late Cambrian and Late Ordovician, there is little evidence for significant variation in overall shallow subtidal species richness (Fig. 7) Early Ordovician collections do show lower modal values than those of Cambrian and other Ordovician intervals, although the frequency distributions are not significantly different using Mann-Whitney U-tests (p ranging from 0.10 to 0.46). This is at least partly related to sample size: all of the low-diversity collections are from shallow subtidal shales and storm deposits in New York State and Vermont, and each contains fewer than 90 individuals Brett and Westrop 1996) . Four larger collections from Utah (Young 1973 ; Adrain, R. A. Fortey, and Westrop unpublished data) and Scotland are three to tour times i&ei in species.
Patterns are more complex when the data are segregated lithologically into samples from carbonates and from shales and storm deposits (Fig. 8) of Manitoba, occurs in burrow-mottled carbonates , whereas the others are from storm-influenced shales and nodular limestones of the Irene Bay Formation of Arctic Canada (Adrain and Westrop unpublished data) All three are drawn from comparable paleocommunity types, dominated by corals, receptaculitids and stromatoporoids ("Arctic Ordovician Fauna") Thorsteinsson 1958) , that were spread widely over the continent interior (Red River-Stony Mountain Province of Elias 1983 ). There are not enough data to determine whether these trilobite assemblages reflect a Late Ordovician radiation of trilobites but, in any event, the group remained a highly speciose component of shallow subtidal faunas. Overall, there do not appear to be any net trends in species richness within either carbonate or siliciclastic shallow subtidal facies between the Late Cambrian and Late Ordovician. Carbonate Buildup Fades.-Buildups were divided into two categories for analysis: those present on carbonate shelf margins and those from shelf interior settings (Fig. 9) . Using raw data, Late Cambrian shelf margin buildups are significantly more diverse than those from the interior (Mann-Whitney U-test, p = 0.03; see also Westrop 1988) , although the difference in rarefied data is significant using a Mann-Whitney U-test only (p = 0.05; Kolmogorov-Smirnov test, p = 0.07). Also, shelf-margin buildups have higher rarefied diversities than both coeval subtidal carbonate biofacies (Mann-Whitney U-test, p < 0.01; KolmogorovSmirnov test, p = 0.02) and deep water biofacies (Mann-Whitney U-test, p < 0.01; Kolmogorov-Smirnov test, p = 0.01). There are few Ordovician buildup collections, so that a confident interpretation of temporal diversity patterns is difficult. However, Ordovician shelf-margin buildups include some of the richest known Ordovician trilobite faunas (Whittington 1963) ; all Ordovician buildups display values within the range of those of Cambrian examples (Fig. 9) .
Deep Subtidal Carbonate Fades.-Almost all of the quantitative data for deep subtidal trilobite biofacies come from the Cambrian-Ordovician sequence of the Mackenzie Mountains, northern Canada. Species richness actually increases significantly between the Late Cambrian and the Middle Ordovician (Fig.  lo) Summary.-Although there are striking differences in species richness between habitats in both the Cambrian and Ordovician ( Fig. 11 ; see also, for example, Ludvigsen 1978), there is surprisingly little variation in diversity within individual habitats between the Late Cambrian and Late Ordovician. All four environmental settings examined show essentially constant alpha diversity through this interval.
Discussion
The apparent offshore shift of trilobitedominated paleocommunities during the Ordovician radiation of the brachiopod-rich Paleozoic Fauna was documented more than a decade ago (Sepkoski and Sheehan 1983; Sepkoski and Miller 1985) but a satisfactory explanation of this pattern has been elusive (e.g., see brief review in Sepkoski 1991: p. 59). Westrop et al. (1995) concluded that there was no decline in trilobite species richness in nearshore facies between the Late Cambrian and Middle Ordovician, and suggested that the apparent offshore displacement of trilobite rich-faunas simply reflected a passive dilution phenomenon as newly radiating clades were added to paleocommunities. This study reiterates the result of Westrop et al. (1995) with a considerably enhanced data set, and extends the analysis to a more complete spectrum of shelf facies for the Late Cambrian and Ordovician. Our expanded data set provides no evidence for ecologic displacement of trilobites during the Ordovician; rather, trilobite species richness in local environments was maintained at broadly comparable levels between the Upper Cambrian and Late Ordovician. Instead of a progressive vacation of nearshore environments, the pattern that emerges is one of constant richness across the shelf.
The data also indicate that there is a general nearshore-offshore gradient in species richness in Late Cambrian to Ordovician trilobite faunas (Fig. 11) . Using rarefied data, Late Cambrian nearshore species richness is significantly less than shallow subtidal or deep subtidal diversity (Mann-Whitney U-and Kolmogorov-Smirnov tests, p < 0.001 in both cases); deep subtidal species richness is significantly greater that shallow subtidal richness (Mann-Whitney U-and KolmogorovSmirnov tests, p = 0.05), although the difference is not significant if collections from the Ellipsocephaloides Zone of the Bison Creek formation are excluded (Mann-Whitney U-test: p = 0.81; Kolmogorov-Smirnov test: p > 0.90).
In the Middle Ordovician, there are significant diversity increases between nearshore and shallow subtidal facies and between shallow and deep subtidal settings (Mann-Whitney Uand Kolmogorov-Smirnov tests, p < 0.001 in both cases). As noted by Westrop et al. (1995) , this gradient in species richness will automatically lead to an apparent offshore retreat of trilobite-dominated paleocommunities under a simple dilution model.
There is little doubt that trilobites became reduced in relative importance during the Ordovician radiations. However, the rise of articulate brachiopods and other members of the Both species richness and sample size are significantly greater in Middle Ordovician collections (Mann Whitney U-test), but species richness is also greater using rarefied data (Mann-Whitney U-and Kolmogorov-Smirnov tests). There are no significant differences in distributions of all three variables between Late Cambrian and Late Ordovician collections.
Paleozoic Fauna appears to have been accom-of guilds of sessile epifaunal suspension feedplished without actual displacement of trilo-ers having a direct, negative impact on vagile, bites. This is not unexpected, given the clear epifaunal, and infaunal deposit feeders and differences in ecologic roles between trilobites generalized carnivores. Rather, the Ordoviand groups such as articulate brachiopods, ru-cian radiations involved a significant expangose and tabulate corals, crinoids, and bryo-sion of the guild structure of communities zoans. It is difficult to imagine the radiation (Bambach 1983).
DEEP SUBTIDAL-FACIES
FIGURE 11. Mean species richness per habitat for the Cambrian and Ordovician periods. Values are based on rarefied data at a standard sample size of 90 individuals and are rounded to the nearest integer. Number in parenthesis for Cambrian shallow subtidal facies is the value obtained if low-diversity collections from the Ellipsocephaloides Zone of the Bison Creek Formation, Alberta, are excluded. Means for carbonate buildups are based on data from shelf and shelf margin examples. Note that species richness is essentially unchanged in all habitats. Droser et al. (1996; p. 129) have argued that the trilobite-rich shell beds that characterize the Cambrian become rare in the Middle and Late Ordovician sequence of the Great Basin, and that this marks a real decline in the abundance of trilobites in paleocommunities. However, it may be difficult, if not impossible, to separate real changes in abundance from taphonomic overprint in shell beds. Clearly, the introduction of new types of bioclasts into taphonomic systems should have a dilution effect on the relative abundance of trilobites that parallels the influence on diversity documented by Westrop et al. (1995) . Moreover, in storm-generated accumulations, such as most of those discussed by Droser et al. (1996: see, for example, Li and Sheehan 1995: pp. 88-93) , this dilution effect is likely to be compounded by taphonomic sorting based on differences in bioclast size and shape, as well as by variation between taxa in durability of skeletal elements. In a similar fashion, Sheehan (in Droser and Sheehan 1995: p. 81 ) has used the scarcity of trilobites in the Ely Springs Dolomite of the Great Basin to suggest that the group had retreated from the carbonate platform into deeper shelf sites by the Late Ordovician. However, the dominance of the Ely Springs fauna by robust, calcitic skeletons (rugose and tabulate corals, stromatoporoids) suggests that the absence of trilobites may be related to diagenetic effects during dolomitization. This is supported by the observation that coeval examples of the same paleoeommunity type (the "Arctic Ordovician Fauna" [Sheehan, in Droser and Sheehan 1995: p. 831 ) from undolomitized sequences contain highly speciose trilobite faunas (Irene Bay Formation; Red River Formation; see Appendix and Fig. 8 ). We conclude that evidence for a real Ordovician decline in trilobite abundance is at best equivocal and that a simple null model involving dilution will be difficult to falsify.
Finally, we emphasize that many of the changes in the composition and distribution of paleocommunities in the Late Ordovician of North America (e.g., Sepkoski and Sheehan 1983; Sepkoski and Miller 1985) must be understood in the context of changes in tectonic and environmental setting (see also Miller in press). Foreland basin development in eastern North America (e.g., Quinlan and Beaumont 1984) and progradation of clastic wedges led to profound changes in trilobite assemblages. For example, diverse trilobite assemblages in shallow subtidal shales and bioclastic storm deposits of the Verulam and Cobourg Formations of Ontario (Appendix; see also Ludvigsen 1979a: Fig. 15 ) are abruptly replaced by low-diversity assemblages of black, graptolitic shales of the lower Whitby Formation (Ludvigsen 1979a,b; Tuffnell and Ludvigsen 1994) . This replacement marks a change in paleooceanographic conditions associated with foreland basin development that had a profound influence on Middle to Upper Ordovician paleocommunities over much of eastern North America (Patzkowsky and Holland 1993) . Low trilobite diversity persists through the remainder of the marine Ordovician sequence in Ontario (Ludvigsen 1979a) , where the Georgian Bay Formation records increasing siliciclastic input with the encroachment of the Taconic Clastic Wedge (Kerr and Eyles 1991; Sanford 1993 [Westrop and Ludvigsen 19831) and the Mackenzie Mountains of northwestern Canada (Maysvillian-Richmondian Whittaker Formation [Appendix; see also Ludvigsen 1978 Ludvigsen , 1979c Mitchell and Sweet 19891) . Clearly, local environmental conditions must be taken into consideration when interpreting patterns of alpha diversity.
The influence of foreland basin development in eastern North America is also evident in the Late Ordovician nearshore community replacements documented by Sepkoski and Sheehan (1983; see also Sepkoski and Miller 1985) . Most of the samples used by these authors to characterize Late Ordovician nearshore communities were taken from eastern North America (e.g., communities 88-94 of Sepkoski and Sheehan 1983: p. 710) . In this foreland basin setting, environmental changes associated with increased clastic input, possibly augmented by pe-riodically reduced salinities in nearshore fades, may be sufficient to generate the observed pattern of replacement. It further suggests that the expansion of mollusc-rich faunas (Modem Fauna of Sepkoski and Miller 1985) in the Ordovician of Laurentia may have been a direct consequence of these regional tectono-stratigraphic patterns (see also Miller in press; Miller and Mao in press).
Our data suggest that the decline in importance of trilobites relative to components of the Paleozoic Evolutionary Fauna was essentially noncompetitive in nature. The reasons for the ultimate decline of trilobites, which was a post-Ordovician phenomenon, cannot be addressed fully by this study. However, possible contributing factors include the differential effects of mass extinctions, the most notable of which was the Frasnian-Fammenian event, which saw the extinction of calymenids, cheirurids, odontopleurids, harpetids, and lichids. Increased predation from gnathostomes in the mid-and late Paleozoic may also have played a significant role in the waning of the group (Signor and Brett 1984) . This view of the ecological history of trilobites is congruent with recent interpretations of many other major faunal transitions in both the marine and terrestrial realms. For example, Benton (1983 Benton ( , 1987 has argued strongly for the noncompetitive nature of the decline of primitive archosaurs and synapsids in terrestrial faunas at the end of the Triassic and the emergence of the dinosaur-rich communities that characterized the rest of the Mesozoic. In a similar vein, the Mesozoic replacement of braduopods and other elements of the Paleozoic Fauna by members of the Modern Fauna may be attributed to several noncompetitive factors (but see Sepkoski 1996) , including the differential effects of the Permo-Triassic extinctions (Gould and Calloway 1980) , the radiation of groups of durophagous predators (Vermeij 1977; LaBarbara 1981) , and increased substrate destabilization by bioturbating organisms (Thayer 1979) .
Conclusions
The data that we have assembled here indicate that the actual number of trilobite species present in shelf habitats underwent little change between the Late Cambrian and Late Ordovician. Community restructuring during the Ordovician radiations appears to have been passive in nature, with radiating groups expanding niche occupancy within communities. The apparent decline of trilobites during the Ordovician is therefore consistent with a hypothesis of dilution, rather than displacement (Westrop et al. 1995) . Scenarios that invoke some form of direct interaction between trilobites and elements of the Paleozoic Evolutionary Fauna are not supported by patterns of alpha diversity.
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